Correspondence mihai.netea@radboudumc.nl (M.G.N.), xavier@molbio.mgh.harvard.edu (R.J.X.)
In Brief
As part of the Human Functional Genomics Project, this study investigates the relationship between the gut microbiome and inter-individual variation in cytokine responses in humans, providing a resource of predicted microbially derived mediators that influence immune phenotypes in response to common microorganisms.
INTRODUCTION
The gut microbiome is a crucial factor for shaping and modulating immune system responses, with gut microbial dysbioses linked to several autoimmune and immune-mediated diseases (Gevers et al., 2014; Kosiewicz et al., 2011; Paun et al., 2016) . In the case of rheumatoid arthritis, this dysbiosis can be partially resolved after treatment . While responding to pathogenic organisms is a main function of the immune system, recognition and tolerance of commensal bacteria are equally important for host health (Kosiewicz et al., 2011) . Commensal microbes calibrate innate and adaptive immune responses and impact the activation threshold for pathogenic stimulations, in large part by producing small molecules that mediate host-microbial interactions (Donia and Fischbach, 2015) . Short-chain fatty acids (SCFAs) are a classic example of how bacteriaderived molecules contribute to gut immune homeostasis (Lee and Hase, 2014; Thorburn et al., 2014) . SCFAs serve as energy sources for gut epithelial cells, modulate cytokine production, and induce expansion of regulatory T cells. Consistent with these functions, SCFAs were implicated in anti-inflammatory properties of a mix of 17 human-derived Clostridia strains (Atarashi et al., 2013; Smith et al., 2013) . Gut microbial communities harboring Clostridia are additionally beneficial in that they regulate immune function and epithelial permeability to food antigens to protect against allergen sensitization (Stefka et al., 2014) .
Commensal microbiota also modulate systemic immune responses (Lee and Hase, 2014) . While the epithelial barrier ensures that microorganisms are largely confined to the gut, microbial metabolites can penetrate the epithelial barrier, allowing them to enter and accumulate in the host circulatory system where they are sensed by immune cells (Dorrestein et al., 2014) . For example, dietary tryptophan is metabolized by different gut bacteria resulting in distinct derivatives, including indole propionic acid, which is absorbed through the intestinal epithelium and enters the bloodstream. The biological activity of indole propionic acid, as is the case for many other small molecules, is largely unknown (Wikoff et al., 2009) .
Given the many examples of commensal microbiota modulating immune responses, we investigated the relationship between inter-individual variation in gut microbial community composition and the inflammatory cytokine response to microbial stimulation in healthy individuals (Figure 1) . To this end, we assessed potential functional relationships in multi-omic data including microbial and cytokine profiles from $500 healthy individuals of Western-European genetic background in the 500 Functional Genomics (500FG) cohort from the Human Functional Genomics Project (HFGP) (Figure 1A ; for exact sample numbers see Figures S1A and S1B). Several types of microbiome-cytokine interaction patterns were detected. We identified specific bacterial species and genera that are predicted to influence cytokine production capacity and found putative interactions between microbial metabolism and tumor necrosis factor alpha (TNFa) and interferon gamma (IFNg), a subset of which we experimentally validated. This work is complemented by two accompanying studies linking cytokine responses to host genetics (Li et al., 2016; [this issue of Cell] ) and to host and environmental factors independent of the microbiome (ter Horst et al., 2016;  [this issue of Cell]) yielding a comprehensive picture of the factors influencing human cytokine responses and host defense.
RESULTS

Study Overview
To identify associations between the gut microbiome and stimulus-induced cytokine responses, we collected stool samples from 500 healthy individuals to generate microbial taxonomic and functional profiles. Blood samples were taken concurrently from each individual and the cytokine response was measured ex vivo in peripheral blood mononuclear cells (PBMCs) and whole blood under five different microbial stimulations. Three stimulations were bacteria-derived (purified Escherichia coliderived lipopolysaccharide [LPS] and Bacteroides fragilis representing Gram-negative bacteria, and Staphylococcus aureus representing Gram-positive bacteria) and two were fungalderived (Candida albicans hyphae and conidia yeast) (Figures 1B and S1C) . Although most stimulations were pathogens, we also included the common gut commensal organism Bacteroides fragilis, as this species can mediate development of the host immune system and was detected in 41% of all samples (Mazmanian et al., 2005) . Three monocyte-derived cytokines (IL-1b, TNFa, IL-6) and three lymphocyte-derived cytokines (IFNg, were measured at different times to capture their peak abundance (Figures 1B and 1C) . We then used multivariate analyses to identify significant associations between microbial features and specific cytokine responses.
Between-Subject Variation Is Substantial Both in Cytokine Response to Stimulation and in Microbial Composition
We first analyzed the inter-individual variation in the inflammatory cytokine response and the gut microbiome composition, as this forms the basis for the identification of potential interactions between the two components ( Figure 2A ). The cytokine response to the stimulations was compared to the unstimulated state (RPMI) in whole blood and/or PBMCs ( Figure 1B (A) The 500FG cohort comprises 500 healthy adults from the Netherlands. Stool samples were collected and subjected to metagenomic sequencing to infer gut microbial profiles. Concurrent blood samples were collected to measure the inflammatory cytokine response in connection with various microbial stimulations.
(B) Monocyte-(blue) (IL-6, TNFa, IL-1b) and lymphocyte-derived cytokines (green) (IFNg, were measured in connection with three bacterial (LPS, B. fragilis, and S. aureus) and two fungal (C. albicans conidia and hyphae) stimulations in whole blood and/or PBMCs. (C) Schematic illustrating production kinetics of different cytokines in PBMCs. IL-17 and IL-22 increase steadily during a 7-day period, whereas IL-6 and TNFa production is maximal in the first 24 hr and decreases thereafter. IFNg reaches its maximum at 4-5 days, and IL-1b reaches its maximum level at 24 hr, after which a plateau is attained. Adapted from Ruschen et al. (1992) and van de Veerdonk et al. (2009) . See also Figure S1 . TNFα  IL-1β  IL-6  IFNγ  IL-17  IL-22   0   25   50   75   100   11   9   7 5 R P M (D) The overall percentage of cytokine variation explained by species composition of the gut microbiome was 0.4%-9.7%. To avoid overestimation due to species-species correlations, we represented the microbiota through the first 20 principal coordinates (PCoA with Bray-Curtis distance) that explain $50% of the variance. The cytokine variance explained by these principal coordinates was estimated through permutation ANOVA by summing over the significant contributions (p < 0.2). See also Figure S2 .
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unstimulated cells exhibited only a small degree of variation in cytokine levels, a high degree of inter-individual variation was observed in response to all stimulations. The difference in the degree of variation was significant for all stimulatory conditions compared to the unstimulated state for each cytokine and cell type, respectively (Fligner-Killeen test, all p < 1e-15). Generally, the intensity of the response to a particular stimulation was cytokine-dependent and in some cases also differed between whole blood and PBMCs. For most cytokines, the strongest response was induced by C. albicans; IL-6 was the only cytokine to show a stronger response to LPS stimulation. In addition to immunological profiles, we used metagenomic sequencing reads to identify the species-level composition of the communities and their functional potential in the form of encoded genes and pathways. As expected, inter-individual variation in taxonomic composition was high, with even highlevel phylum composition varying greatly across individuals ( Figure 2B ) (Human Microbiome Project Consortium, 2012) . At the functional level, we detected many MetaCyc pathways with comparable levels across samples, with a subset of generally less abundant pathways varying more substantially between individuals ( Figure 2C ). The microbial profiles from the 500FG cohort are similar to those of LifeLines-DEEP, another healthy Dutch cohort within the HFGP (Fu et al., 2015; Tigchelaar et al., 2015; Zhernakova et al., 2016) and appear to represent a single population ( Figure S1D ). In contrast, when these data were compared with the Human Microbiome Project cohort (consisting of 242 healthy adults from the United States) (Human Microbiome Project Consortium, 2012), the two Dutch cohorts had higher levels of Actinobacteria and lower levels of Bacteroidetes. However, a high degree of inter-individual variability was observed within all cohorts.
Cytokine Variation Explained by the Microbiome
For each of the cytokine measurements, we quantified how much of the overall variation could be attributed to the gut microbiota ( Figure 2D ). To avoid an overestimation of variability due to species-species correlations, we used the first 20 principal coordinates to represent the species composition, accounting for $50% of the variability in the microbial composition of the samples; thus, the variation we observed is a conservative estimate. The largest percentage of variation in the cytokine response was explained for TNFa in connection with C. albicans hyphae (9.7%) and conidia (9.0%) stimulation in PBMCs. For other stimulations, the microbiome accounted for <5% of the variation in the TNFa response, highlighting the stimulus-specific effect of the predicted microbiome-cytokine interactions. In addition, we assessed variation due to functional features using MetaCyc metabolic pathways and gene ontology (GO) categories. A maximum of 7.7% and 8.6% of the cytokine variation was explained by metabolic pathways and GO categories, respectively ( Figure S2 ).
Three Classes of Microbiome-Cytokine Interaction Patterns
Because we observed significant inter-individual variation in cytokine responses and gut microbial profiles, we next assessed whether these factors were correlated. We predicted three types of interaction patterns (IP), referred to as IP1 through IP3 (Figure 3A) . The first interaction pattern (IP1) was stimulus-specific. In this case, gut microbial features were associated with the response of several cytokines, but only in connection with a particular type of stimulation. The second interaction pattern (IP2) describes cytokine-specific associations that were independent of the type of stimulation. In other words, a high/low response of a particular cytokine was connected to the abundance of a specific gut microbial species or function and observed in connection with several of the tested stimulations. Lastly, IP3 microbiome-cytokine interaction patterns were cytokine-and stimulus-specific. Here, a gut microbial component affected only the response of a particular cytokine and only in connection with a specific stimulation.
Gut Microbial Species and Genera Are Significantly Associated with Inflammatory Cytokine Responses
We performed pairwise correlation tests between microbial taxonomic composition at the species and genus levels with each cytokine in connection with a specific stimulation (Spearman correlation with Benjamini-Hochberg FDR correction a % 0.2, Figures 3B and 3C) . A total of 41 species and 20 genera were significantly associated with at least one potential interaction and associations were identified for all of the tested cytokines. All three interaction patterns were observed ( Figure 3A ) with the majority of associations being cytokine-and stimulus-specific (IP3). Three stimulus-specific (IP1) associations were observed, with C. albicans hyphae stimulation in connection with Bacteroides xylanisolvens, Parabacteroides distasonis, and Coprococcus comes. Furthermore, three potential cytokine-specific interactions (IP2) were identified. Odoribacter splanchnicus ( Figure 3B ) and the genus Bilophila ( Figure 3C ) were negatively correlated with TNFa production for LPS and C. albicans stimulations. Barnesiella was negatively associated with LPS and B. fragilisinduced IFNg production ( Figure 3C ). Below, we detail the associations encountered for each of the stimulation types.
Taxonomic Associations with Fungal-Induced Cytokine Responses
Taxonomic features associated with fungal-induced cytokine responses were often connected to an altered IFNg response (Figures 3B and 3C) . This included common gut commensals such as Dorea longicatena and Dorea formicigenerans, where higher species abundances were connected to higher IFNg levels in response to C. albicans hyphae. Both Dorea species can metabolize sialic acids, which are commonly found at terminal ends of mucins; release of these acids is implicated in mucin degradation, potentially increasing gut permeability (Crost et al., 2013) . In contrast, another unclassified Dorea species was negatively correlated with the IFNg response. Thus, different species of the same genus may affect the IFNg response in opposite ways. We also observed different species from the same genus affecting different cytokines. For example, Streptococcus parasanguinis and Streptococcus australis were associated with IFNg production, but other species such as the Streptococcus mitis/oralis/pneumoniae group were associated with IL-1b. Examples of microbial organisms predicted to affect multiple cytokines (IP1) include Bifidobacterium, which has been previously associated with IFNg production (Ló pez et al., 2011; Mé nard et al., 2008) . Here, we observed a positive correlation between Bifidobacterium pseudocatenulatum and IFNg. In contrast, Bifidobacterium adolescentis was inversely correlated with TNFa production, further emphasizing the potential cytokine-and species-specificity of these associations. Further, P. distasonis was negatively associated with TNFa and IL-1b in response to C. albicans hyphae stimulation ( Figure 3B ). In human biopsies, P. distasonis was significantly more abundant in uninflamed versus inflamed tissue (Zitomersky et al., 2013) . Consistent with this observation, oral administration of P. distasonis antigens attenuates intestinal inflammation during colitis in mice (Kverka et al., 2011) .
These associations can also be used to form hypotheses regarding principles of host-microbial interactions. For instance, C. comes exhibited stimulus-specific associations with IL-1b and IL-6 in connection with C. albicans hyphae stimulation, suggesting that C. comes potentially modulates acute phase responses ( Figure 3D ). The acute phase response is a non-specific defense mechanism against microorganisms, characterized by a cascade involving stimulation of IL-1b and subsequent IL-6 production followed by fever and synthesis of acute-phase proteins. Both cytokines were positively correlated with C. comes, suggesting immunostimulatory properties of this microorganism on the acute phase pathway. In an accompanying manuscript examining host factors that influence cytokine response, ter Horst et al. (2016) found correlations between IL-1b and the acute phase protein alpha-1-antitrypsin (AAT). We therefore assessed the impact of C. comes on the circulating concentrations of AAT and found a positive correlation (r = 0.08, p = 0.08) (Figure 
Figure 3. Significant Correlations between Gut Microbial Abundances and Cytokine Responses to Stimulations
(A) Three microbiome-cytokine interaction patterns were observed. Each colored cell represents a significant interaction between a specific microbial feature (y axis) and a stimulus-induced cytokine response (x axis). Interaction pattern 1 (IP1) refers to stimulus-specific interactions, where the same microbial feature is associated with several cytokines in connection with the same stimulation. IP2 describes cytokine-specific interactions, regardless of stimulation. IP3 refers to interactions that are cytokine-as well as stimulation-specific. (B and C) Summary of species (B) and genus (C) associations with cytokine responses using Spearman correlation with Benjamini-Hochberg FDR correction (a % 0.2). All species/genera were required to be detected in R3% of all samples (corresponding to R14 samples). Only species/genera significantly associated with at least one cytokine response are displayed. CA(C), C. albicans conidia; CA(H), C. albicans hyphae; LPS, lipopolysaccharide 100 ng; BF, B. fragilis; SA, S. aureus; WB, whole blood; PBMC, peripheral blood mononuclear cells. (D) A stimulus-specific association of Coprococcus comes was observed for IL-1b and IL-6 in connection with C. albicans hyphae stimulation. C. comes was also negatively correlated with S. aureus-induced IL-22 production. All displayed cell types are PBMCs. See also Figure S3 and Tables S1, S2, S3, and S4. data from the 500FG and 200FG projects show an absence of correlations between monocyte-derived cytokines (e.g., IL-1b and IL-6) and T helper cell responses (e.g., IL-22) (Li et al., 2016) .
Taxonomic Associations with Bacterial-Induced Cytokine Responses Three bacterial stimulations were used: LPS, S. aureus, and B. fragilis. For TNFa, IL-17, and IL-22, associations were only observed in connection with a specific bacterial stimulus (Figures 3B and 3C) . A differential IFNg response was observed in connection with B. fragilis and S. aureus at the species level (Figure 3B ) and LPS and B. fragilis at the genus level ( Figure 3C ). In contrast, microbial associations with TNFa were exclusively detected in connection with LPS stimulation, suggesting that the gut microbiome influences TNFa production in a stimulusdependent manner (Figures 3B and 3C; Tables S1, S2 , S3, and S4). In total, three positive and nine negative associations were found at the species level for LPS-induced TNFa responses in whole blood and PBMCs. For example, negative associations between the microbiota and LPS-induced TNFa response involved multiple diet-sensitive bacteria, including Alistipes spp., Clostridium spp., and Bilophila spp. (in particular B. wadsworthia) (David et al., 2014; Devkota et al., 2012) . This effect is particularly interesting given that anti-TNFa therapy is a common treatment for chronic inflammatory diseases such as inflammatory bowel disease and rheumatoid arthritis, and these associations motivate potential microbiome-based therapeutic approaches.
S. aureus was the only bacterial stimulus where a differential Th17 response was associated with the microbiota (IL-17 and IL-22; Figures 3B and 3C ). While the IL-17 and IL-22 response to S. aureus was generally lower compared to fungal-induced responses, a significant amount of variation was observed for all stimulations (see Figure 2A ). For IL-17, five positive genus associations were identified, including Clostridium. This genus includes many species from Clostridium clades IV and XIV, which enhance T regulatory cell abundance and induce antiinflammatory molecules, including IL-17 (Atarashi et al., 2013) . Two negative genus associations with IL-17 production involved Faecalibacterium and Atopobium ( Figure 3C) . A prominent member of the Faecalibacterium genus, F. prausnitzii, inhibits IL-17 production in rats (Zhang et al., 2014) . Our finding suggests that this may also be true in humans.
In contrast to these stimulus-specific examples, a differential IFNg response was observed for all bacterial stimulations (Figures 3B and 3C ). For LPS, for example, two negative associations were detected with Oscillibacter and Barnesiella. Barnesiella was additionally implicated in the B. fragilis-induced IFNg response, representing a cytokine-specific interaction (IP2). One of the species-level associations involving B. fragilis stimulation was another Bacteroides species, B. nordii. However, in general the associations observed in connection with B. fragilis, a commensal gut bacterium, were not unique compared to the pathogenic stimulations. For example, the S. aureus-induced IFNg response had three microbial associations, one being a positive association with Bacteroides cellulosilyticus. This observation suggests that while the various stimulations yield different associations, there does not appear to be a unique preferential association of B. fragilis with other Bacteroides.
Microbial Metabolites Attenuate Pathogen-Induced TNFa and IFNg Responses
The immune system recognizes and reacts to small molecules produced by gut microbes, such as the previously mentioned example of SCFAs. These microbial functional pathways are often driven by multiple microorganisms, and hence, functional associations would not necessarily be detected in taxonomic pairwise association analyses. Therefore, we investigated correlations between cytokine production and MetaCyc metabolic pathways as well as GO categories, including biological processes and molecular functions, to identify functional categories implicated in differential cytokine responses (Figures 4A and 4B ; Tables S5, S6 , S7, and S8).
Functional Associations with Fungal-Induced Cytokine Responses
Analogous to the taxonomic analysis, we first focused on functional associations in connection with fungal-induced cytokine responses. The majority of functional associations were detected for the C. albicans conidia-induced TNFa and IFNg response (Figures 4A and 4B; Tables S5, S6 , S7, and S8). For TNFa, this observation was in contrast to the taxonomic analysis, where all associations were detected in connection with LPS stimulation (Figures 3B and 3C ). Stimulus-specific interactions patterns involving TNFa and IFNg are not surprising, as both are regulated by similar transcription factors in T cells, and IFNg can further induce TNFa expression in dendritic cells.
Furthermore, 10 microbial functional features were predicted to affect the C. albicans conidia-induced production of TNFa and IL-22 in the same manner ( Figure 4B ). Both cytokines are produced by Th22 cells and can synergistically induce an effective innate immune response of epithelial cells during C. albicans infection, conferring protection in humans (Eyerich et al., 2011) . Our results indicate that there are potential microbial factors that correlate with the production of both cytokines. In comparison to conidia, very few associations were detected for C. albicans hyphae, suggesting that the developmental state of the fungal pathogen is an important factor in determining hostmicrobial interactions.
Functional Associations with Bacterial-Induced Cytokine Responses
Microbial associations with the IL-6 response were detected for all bacterial stimulations ( Figures 4A and 4B ). For example, three MetaCyc pathways ( Figure 4A ) associated with the LPS-induced IL-6 response were involved in arginine degradation: cycloserine biosynthesis (PWY-7274), L-arginine and L-ornithine degradation (ORNARGDEG-PWY), and L-arginine, putrescine, and 4-aminobutanoate degradation (ARGDEG-PWY) (Table S5) . L-arginine depletion mediated by myeloid cell arginase (ARG) has emerged as a fundamental mechanism of inflammationassociated immunosuppression (Bronte and Zanovello, 2005) . Our data suggest that the microbiome may play an important role in arginine depletion and may need to be taken into consideration to address the immunomodulatory role of ARG. We also found a connection to the fungal-induced TNFa response, which was negatively correlated with two of these pathways (ORNARGDEG-PWY and ARGDEG-PWY).
Immunomodulatory Effects of Tryptophan and Tryptophol
Most functional associations in connection with bacterial stimulations were detected for IFNg, involving a large number of cytokine-specific interactions (IP2) (Figure 4B ). For example, microbial tryptophan degradation to tryptophol (MetaCyc pathway 5081) was negatively associated with IFNg production in whole blood for S. aureus, LPS, and C. albicans conidia ( Figure 5A ). Tryptophan is metabolized in the gut into several molecules that play an important role in immune regulation, such as limiting inflammation by interacting with the aryl hydrocarbon receptor (Lamas et al., 2016; Rothhammer et al., 2016) , and both tryptophan depletion and downstream tryptophan metabolites can confer protection against excessive inflammation by immune inhibition (Opitz et al., 2007) . To determine whether this observed decrease in IFNg levels was due to a decrease in tryptophan or an increase in the resulting metabolite tryptophol, we experimentally validated these findings using a whole blood stimulation assay in healthy human donors. When tryptophan was added to whole blood, there was no effect on IFNg production induced by LPS, S. aureus, or C. albicans conidia ( Figure 5B ). In contrast, tryptophol significantly decreased C. albicans-and LPS-induced production of IFNg. Stimulation with S. aureus also showed a trend toward decreased IFNg production when tryptophol was added ( Figure 5B ). These results show that microbially produced tryptophol has a strong effect on IFNg production. 
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CA ( Figures 5C and 5D ). Cis-vaccenate biosynthesis was also positively associated with IFNg production. Palmitoleic acid biosynthesis has a branch point from a palmitoleoyl [acp] to the cis-vaccenate pathway (Figure S4A) . Thus, increased activity in the palmitoleic acid biosynthesis pathway could result in either more palmitoleic acid or more cis-vaccenate if the cis-vaccenate pathway were also active. In the second scenario, an increase of cis-vaccenate would utilize the substrate for palmitoleic acid biosynthesis, resulting in less palmitoleic acid production. Given that our associations with cis-vaccenate biosynthesis have a positive correlation with TNFa and IFNg, it is possible that increased palmitoleic acid corresponds to decreased cytokine production. We tested how the presence of these molecules affects C. albicans conidiainduced cytokine production in human PBMCs ( Figure 5E ). Palmitoleic acid decreased TNFa production but had no effect on IFNg. However, cis-vaccenate (cis-vaccenic acid) did not influence cytokine production under any of the tested stimulations (Figure 5E ). Interestingly, palmitoleic acid displayed an anti-inflammatory effect in connection with all of the monocyte-derived cytokines (IL-1b, TNFa, IL-6), but had no effect on lymphocyte-derived cytokines (IFNg, IL-17, IL-22) ( Figures S4B and S4C ).
DISCUSSION
The HFGP is a comprehensive study that aims to identify the most important factors influencing cytokine production capacity in healthy humans. In three complementary studies, we report the environmental, genetic, and microbiome factors associated with cytokine production induced by different microbial stimulations in a cohort of 500 healthy volunteers. While accompanying studies demonstrate the impact of environmental and host factors (genetic and non-genetic) for the modulation of cytokine production (Li et al., 2016; ter Horst et al., 2016) , in this study we provide evidence that the gut microbiome also has biologically relevant effects. Our analysis indicates that inter-individual variation in cytokine response is linked to specific microbial organisms as well as microbial functions. The majority of detected associations were both cytokine-and stimulus-specific (IP3), suggesting that the immune system recognizes and interacts with microbial organisms and products with high specificity and that these microbial factors are associated with a particular immunological phenotype. In particular, a broad range of microbial functional features was associated with cytokine responses. This observation suggests that modulation of host defense by the microbiota may be exerted mainly through the release of intermediary common mediators (such as metabolites) rather than direct interaction between specific microorganisms and immune cells. This finding constitutes the first important conclusion that can be drawn from our data.
An important role for metabolites in microbiome-cytokine interactions is supported by the fact that a large proportion of the metabolites in the blood originate from the gut (Sridharan et al., 2014; Wikoff et al., 2009) , as well as our findings of the strong impact of microbial metabolic processes on cytokine production (Figure 4 ). Among these metabolic processes, we experimentally validated the important impact of microbial tryptophan metabolism, a pathway known to modulate cytokine production at the level of host metabolism (Moffett and Namboodiri, 2003; Nowak et al., 2012) . Here, we demonstrate that microbial tryptophan metabolism strongly influences cytokine production. Interestingly, this effect is mainly mediated by the tryptophan metabolite tryptophol, which has strong inhibitory effects on the TNFa response. However, the inhibitory effect depends on the particular pathogenic stimulation. We also validated a predicted interaction involving palmitoleic acid metabolism. Palmitoleic acid inhibits apoptosis induced by a combination of IL-1b and IFNg (Welters et al., 2004) , but a specific effect on IFNg synthesis has not been previously reported. Interestingly, we not only validated this relationship in human cell stimulation assays, but also demonstrated a specific effect of palmitoleic acid on monocyte-derived cytokines (TNFa, IL-1b, IL-6) but not lymphocyte-derived cytokines (IFNg, . The molecular mechanisms responsible for this specificity remain to be elucidated in future studies. These validations serve as proof-of-principle of how predicted associations can be used to provide insight into host-microbial interactions.
In addition to the observations concerning modulation of cytokine production capacity by microbial functions, we also predicted interactions of specific microbial species and genera, including the effect of C. comes on cytokines of the acute phase pathway (IL-1b and IL-6). The production of IL-1b and IL-6 is regulated largely at a genetic level (Li et al., 2016) and less influenced by microorganisms. The physiological relevance of this finding is supported by our subsequent analysis showing that C. comes is associated with circulating concentrations of the acute phase protein AAT. This connection was observed despite the fact that AAT was measured during health, not after microbial challenge or infection.
Insight into gut microbiota and immune system interactions is a crucial step in understanding immune-mediated and infectious diseases. For example, differential abundance of specific gut bacteria was associated with cytokine responses and may impact disease susceptibility. This effect was exerted directly on the intrinsic cytokine production capacity of the immune cells, rather than by influencing the number of cells in circulation: no effect of microbiota composition on the most important immune cell populations (T/B lymphocytes, monocytes, neutrophils, NK cells) was detected in the present study (data not shown).
Evaluating the results of the three studies presented in this issue, it appears that variation at many levels affects the inflammatory response. An earlier study showed that host genetic variants modulate pathogen sensing in dendritic cells stimulated with microbial ligands , and we now present a much broader assessment of the genetic (Li et al., 2016) and environmental factors (ter Horst et al., 2016) that modulate cytokine production. Non-genetic factors such as age, gender, and season have a strong influence on cytokine production capacity, and genome-wide analyses have identified 17 independent loci that influence cytokine production at a genome-wide level. Here, we demonstrate that the microbiome also plays a key role in the regulation of cytokine production. This conclusion is supported by studies showing that perturbations such as antibiotic treatment greatly impact development of autoimmune diseases such as psoriasis (Zanvit et al., 2015) and are associated with allergic asthma susceptibility (Russell et al., 2012) . In addition, the use of antibiotics is associated with a more pronounced dysbiosis in children with Crohn's disease, implicating perturbations of the gut microbiota in disease (Gevers et al., 2014) .
The HFGP provides the opportunity to evaluate the importance of these host-dependent factors. Although host genetic variability and microbiome composition both influence cytokine production, our analyses suggest a greater impact of host genetics, explaining 25%-50% of the variability of some cytokine responses, compared to the microbiome, explaining only up to 10% of cytokine variability.
Several limiting factors can introduce noise to the microbiome data, resulting in smaller correlation coefficients. First, any experimentally obtained data contain noise; for example, the immune cells were stimulated ex vivo, outside the environment where the cells were exposed to microbial factors, potentially weakening the detectable effects of host-microbial interactions. Second, simultaneously occurring host-microbial associations may affect each other adversely. Importantly, the effect size does not necessarily provide knowledge about biological significance, as illustrated by the experimental validation of two functional associations, providing conclusive evidence for the specificity of these host-microbial interactions.
The HFGP studies provide a comprehensive assessment of the effects of host and environmental factors on cytokine production capacity at a population level. Integrated approaches initiated in HFGP enabled us to identify important general interaction characteristics of different biological traits in the human hosts (Figure 6 ). First, general characteristics of the host such as age and gender have an important impact on inflammation. Men display a higher production of monocyte-derived proinflam- The impact of host environmental factors (ter Horst et al., 2016) , host genetics (Li et al., 2016) , and the gut microbiome (this study) on stimulusinduced cytokine responses was assessed in three complementary studies of the HFGP. While gender and seasonality were the main environmental factors affecting the response of monocyte-derived cytokines, age was associated with IL-22 and IFNg production. Further, 17 independent loci were implicated in specific differential cytokine responses of monocyte-and Th-derived cytokines. Lastly, gut microbial functions were more influential on cytokine production than taxonomic features, where the strongest effects were observed for the stimulus-induced IFNg and TNFa responses.
matory cytokines, whereas women have a greater Th17 response (ter Horst et al., 2016) . These differences may provide a partial explanation for differences in pathologies between men and women: men are more susceptible to metabolic and cardiovascular diseases, whereas women more often have autoimmune diseases (Regitz-Zagrosek, 2006; Regitz-Zagrosek et al., 2006) . In addition, a defective IFNg production capacity has been observed in elderly people (Ouyang et al., 2002) , which may explain their increased susceptibility to infections. Second, genomic approaches in HFGP demonstrate the importance of host genetics for determining cytokine responses. Although this concept is not new, here we have analyzed a large healthy population in a genome-wide fashion and report 17 new genetic loci associated with specific responses (Li et al., 2016) . Third, we found that the effects of both genetic and microbiome factors are mainly stimulus-and cytokine-specific, and interesting new patterns emerged: TNFa and IFNg production capacity appear to be more strongly influenced by the microbiome, whereas other cytokines such as IL-1b, IL-6, and Th17-derived IL-17 and IL-22 exhibit fewer, but more specific, associations with the gut microbiota. This finding is in line with genetic data showing an opposite trend for monocyte-and Th-derived cytokines (Li et al., 2016) . These findings may have important consequences for approaches to immunotherapy targeting specific cytokines to alter immune responses: while inhibition of cytokines that are strongly influenced by the microbiome can potentially be modulated through diet, elimination of specific species, or fecal microbiota transplantation, host genetics-modulated cytokines may be more effectively targeted through inhibitory pharmacological approaches (e.g., neutralizing monoclonal antibodies).
Through these three complementary HFGP studies assessing the impact of the host microbiome (this study), environmental (ter Horst et al., 2016) , and host genetic factors (Li et al., 2016) , we are able to glimpse the complexity of the mechanisms driving the variability of human cytokine responses. These studies open the possibility for future similar investigations in patient groups to identify the variation and disturbances responsible for their diseases in a personalized fashion, thereby providing the basis for precision medicine.
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Detailed methods are provided in the online version of this paper and include the following: 
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After visiting the hospital to donate blood, volunteers received an extensive online questionnaire about lifestyle, diet, and disease history. Upon analyzing the questionnaire data we excluded 45 volunteers as they were under medication, non-European descent, or had kidney disease or diabetes mellitus ( Figure S1A ).
Ethics Statement
The 500FG study was approved by the Ethical Committee of Radboud University Nijmegen (NL42561.091.12, 2012/550). Inclusion of volunteers and experiments were conducted according to the principles expressed in the Declaration of Helsinki. All volunteers gave written informed consent before any material was taken.
METHOD DETAILS Stimulation of Whole Blood and Peripheral Blood Mononuclear Cells
Whole Blood Experiments 100 mL heparin blood was added to a 48-well plate and stimulated ( Figure S1C ) in a total volume of 500 mL for 48 hr at 37 C and 5% CO 2 . Supernatants were collected and stored at À20 C until used for ELISA.
Peripheral Blood Mononuclear Cell Experiments
PBMCs were obtained by density centrifugation of diluted blood (1 part blood to 1 part pyrogen-free saline) over Ficoll-Paque (Pharmacia Biotech, Uppsala, Sweden). Cells were washed twice in saline and suspended in medium (RPMI 1640) supplemented with gentamicin (10 mg/mL), L-glutamine (10 mM), and pyruvate (10 mM). PBMCs were counted in a Coulter counter (Coulter Electronics, Buckinghamshire, England) and their concentrations were adjusted to 5 3 10 6 cells/mL. 5 3 10 5 PBMCs in a total volume of 200 mL per well were stimulated in round-bottom 96-well plates (Greiner) with different stimulations ( Figure S1C ) for either 24 hr or 7 days at 37 C and 5% CO 2 . Seven-day stimulations were performed in the presence of 10% human pooled serum. Supernatants were collected and stored in À20 C until used for ELISA.
Cytokine Measurements
The concentrations of IL-1b, IL-6, IL-17, IL-22, IFNg, and TNFa were measured in cell culture supernatants using enzyme-linked immunosorbent assay (ELISA) (IL-1b, IL-17, IL-22, TNFa: R&D Systems; IL-6, IFNg: Sanquin), according to the manufacturer's instructions. The circulating concentration of alpha-1-antitrypsin (AAT) was measured in EDTA plasma using an R&D Systems DuoSet ELISA kit following the manufacturer's standard protocol.
Stool Samples and Sequencing
Participants collected stool samples at home the day before, or on the day of blood collection. Participants were asked to store their stool sample in the refrigerator before delivering the sample to the hospital where it was aliquoted and stored at À80 C until DNA extraction. DNA was isolated with the AllPrep DNA/RNA Mini Kit (QIAGEN) with the addition of mechanical lysis. DNA samples were subsequently quantified by Quant-iT PicoGreen dsDNA Assay (Life Technologies) and normalized to a concentration of 50 pg/mL. Whole-genome shotgun sequencing libraries were prepared according to the manufacturer's instructions using the Nextera XT DNA Library Preparation kit (Illumina) with 100-250 pg input DNA. Libraries were pooled by transferring equal volumes of each library using a Labcyte Echo 550 liquid handler. The concentrations and insert size ranges for each pooled library were checked using an Agilent Bioanalyzer DNA 1000 kit (Agilent Technologies). Libraries were subsequently sequenced on the Illumina HiSeq 2000 platform in paired-end mode (2x101bp) targeting $2.5Gb of sequences per sample.
Functional Validation Experiments
Cohort PBMCs were isolated from buffy coats isolated from healthy volunteers (Netherlands). Ethics statement All studies with human blood samples were conducted in the Radboud University Nijmegen Medical Center and the use of healthy volunteers was approved by the institutional ethics review board. Peripheral venous blood samples from healthy volunteers were obtained after written informed consent was provided. Reagents The following reagents were used for cell isolation: Ficoll-Paque (GE Healthcare, Diegem, Belgium), RPMI 1640 Dutch modifications culture medium (Sigma, Zwijndrecht, the Netherlands). RPMI 1640 medium was supplemented with 1% gentamicin, 1% L-glutamine, and 1% pyruvate (Life Technologies, Nieuwerkerk, the Netherlands). For cell stimulation experiments, LPS (Escherichia coli serotype 055:B5) was purchased from Sigma and an extra purification step was performed as described previously (Hirschfeld et al., 2000) . Purified LPS was tested in Toll-like receptor (TLR) 4 À/À mice for the presence of contaminants and did not have any TLR4-independent activity (Sutmuller et al., 2006) . C. albicans ATCC MYA-3573 (UC 820) (Lehrer and Cline, 1969) was grown overnight in Sabouraud broth at 37 C; cells were harvested by centrifugation, washed twice, and resuspended in culture medium. C. albicans conidia or hyphae were heat-killed for 1 hr at 100 C. S. aureus (ATCC 25923) and B. fragilis (NCTC 10584) were heat-killed for 30 min at 100 C and 95 C, respectively. L-tryptophan was purchased from Sigma. Palmitoleic acid, tryptophol, palmitic acid, and cis-vaccenic acid were purchased from Sigma (P9417, T90301, P0500, and V0384, respectively). Tryptophol and cis-vaccenic acid were dissolved in ethanol (Merck 1.00983.1000) and therefore ethanol was used as a control. Human Peripheral Blood Mononuclear Cells PBMCs were obtained by density centrifugation of diluted blood (1 part blood to 1 part pyrogen-free saline) over Ficoll-Paque (Pharmacia Biotech, Uppsala, Sweden). PBMCs were washed twice in saline and suspended in culture medium. The PBMCs were counted in a Coulter counter (Coulter Electronics, Buckinghamshire, England) and their concentration was adjusted to 5 3 10 6 cells/mL. Stimulations 5 3 10 5 PBMCs in a total volume of 200 mL per well were incubated at 37 C in round-bottomed, 96-well plates (Greiner) with different stimulations. The effects of various metabolites (tryptophan, tryptophol, palmitoleic acid, cis-vaccenate) were studied by adding them 10 min before microbial stimulation. RPMI and DMSO medium were used as controls. After 24 hr, 48 hr, or 7 days of incubation with or without the various metabolites, supernatants were collected and stored at À20 C until assayed. Seven-day cultures were performed in the presence of 10% human pooled serum.
Cytokine Measurements
The concentrations of IL-1b, IL-6, IL-17, IL-22, IFNg, and TNFa were measured in cell culture supernatants using enzyme-linked immunosorbent assay (ELISA) (R&D Systems & Sanquin) according to the manufacturer's instructions.
QUANTIFICATION AND STATISTICAL ANALYSIS Metagenomic Data Analysis
Samples that were included in the analysis had at least 4 million sequencing reads. Reads were first processed using KneadData (http://huttenhower.sph.harvard.edu/kneaddata). This included quality-trimming (trimmomatic parameters: MAXINFO:90:0.5), read-filtering based on a minimum read length of 60 bp, and removal of potential human contamination by filtering reads that aligned to the human genome (reference genome hg19). Quality-controlled, paired-end reads were aligned against a database of unique clade-specific marker genes using Bowtie2 and taxonomic profiles were inferred with MetaPhlAn 2.2 (Segata et al., 2012) . For subsequent analysis, we considered species as well as genus composition of the samples. Functional profiling was performed using HUMAnN2 (http://huttenhower.sph.harvard.edu/humann2). Briefly, reads are mapped against a customized database of functionally annotated pangenomes, only considering organisms that were identified during the taxonomic profiling step. Functional annotation of the protein sequences in the pangenomes to their respective UniRef50 family is provided with the software. Reads that cannot be mapped are subsequently aligned against the complete UniRef50 database. The community totals are computed for each protein family (RPK) and converted into relative abundances. For subsequent downstream analysis these tens of thousands of gene families were further grouped into broader functional categories: MetaCyc metabolic pathways and informative GO categories, focusing on molecular functions and biological processes as previously described . Specifically, the selected GO terms were each annotated to > 2,000 proteins in UniRef50, while all their descendant (more specific) terms were annotated to < 2,000 proteins. Taxonomic as well as functional features were required to occur in at least 3% of the samples (at least 14 samples) to be considered for association testing. Overall, this resulted in 219 species, 83 genera, 639 MetaCyc pathways, and 520 GO categories (213 molecular functions and 307 biological processes).
Cytokine Data Analysis
Inter-individual variation of cytokine responses was evaluated using Fligner-Killeen test of homogeneity of variances. The variance for each of the stimulation conditions was compared to the unstimulated state (RPMI medium). For all stimulation conditions the level of variation was significantly increased (all p < 1e-15).
Correlation Analysis
Associations for each cytokine measurement in connection with a particular stimulus were analyzed using Spearman correlation coefficient in combination with Benjamini-Hochberg correction to account for multiple hypothesis testing (significance threshold a % 0.2). For whole blood samples, cytokine measurements were obtained from 456 samples. For PBMCs, samples from 401 and 466 individuals were available for cytokine measurements after 1 day and 7 days, respectively.
Functional Validation Experiments
Significance Testing Experiments were performed in duplicate, and supernatants were pooled. When values were below or above the detection limit of the ELISA, the corresponding detection limit was used. For each experiment, 4-8 biological replicates were obtained. Differences between groups were analyzed using a paired t test. The level of significance between groups was set at p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) or p < 0.0001 (****). Data are presented as percentage change compared to control ± standard error.
DATA AND SOFTWARE AVAILABILITY Data Resources
The data from the Human Functional Genomics Project are available online at http://hfgp.bbmri.nl/. The microbiome data are also available through NCBI SRA Bioproject: PRJNA319574. (B and C) PBMCs were stimulated for 24 hours (IL-1b and IL-6) or 7 days (IL-17 and IL-22) with C. albicans conidia in the absence or presence of palmitoleic acid (100 mM) or cis-vaccenic acid (50 mM). IL-1b, IL-6, IL-17, and IL-22 were measured in cell culture supernatants using ELISA. Cytokine production is expressed as percentage change compared to DMSO (control palmitoleic acid) or ethanol (control cis-vaccenic acid). Groups were compared using paired t test.
